A ge-related macular degeneration (AMD) is a leading cause of visual impairment in the Western world [1] [2] [3] and is characterized by progressive loss of photoreceptors in the central retina secondary to dysfunction of the retinal pigment epithelium (RPE). 4 Although the etiology of AMD has been attributed to many environmental, nutritional, behavioral, and genetic factors, 5 advancing age remains the strongest disease risk factor. 6 Oxidative stress with impaired free radical scavenging is known to be a fundamental mechanism of aging. 7 Loss of integrity of the RPE is known to be a fundamental early event in AMD. 4 Oxidative stress refers to the harmful interactions of reactive oxygen species (ROS) with cellular components occurring when ROS production exceeds the ability of antioxidant systems to mitigate damage. The RPE produces considerable amounts of ROS. The high rate of oxygen consumption by the retina creates oxidative load, 8 as does RPE phagocytosis of spent photoreceptor outer segments rich in polyunsaturated fatty acids. 8, 9 Exposure to light induces chromophores in the RPE and surrounding tissues to generate ROS. 10, 11 These factors make the RPE particularly susceptible to oxidative stress, providing motivation to characterize the RPE cellular response to oxidative stress. To do this, many researchers have established toxicity models in which stressors known to cause oxidative damage are applied to RPE cell lines. Results of two such studies showed that RPE cells in suspension are more sensitive to the chemical oxidant tert-butyl hydroperoxide (t-BOOH) than those cells not in suspension. 5, 12, 13 This suggests the possibility that cell-cell contact may promote a favorable RPE response to oxidative stress.
Complexes that mediate cell-cell contact, and hence monolayer integrity, include tight junctions, adherens junctions, and gap junctions. Oxidative stress is known to disrupt the integrity of RPE tight junctions, and this may contribute to bloodretinal barrier breakdown. 14 The effect of oxidative stress on gap junctions and, conversely, the effect of gap junctions on the RPE response to oxidative stress have not been explored. Gap junction channels consist of two juxtaposed hemichannels, one from each adjacent cell, that allow for the intercellular exchange of small signaling molecules (Ͻ1 kDa). 15 The basic units of hemichannels are connexin proteins. The human connexin family consists of 21 connexins, with connexin43 (Cx43) the most widely expressed across tissue types. Gap junctional intercellular communication (GJIC) has been implicated in several cell types in response to various stressors, including hydrogen peroxide, 16 radiation, 17 and ultraviolet light. 18 The role of GJIC in the oxidant-stressed RPE has not yet been characterized.
The present study was performed to examine the role(s) of Cx43 and GJIC in an oxidatively stressed ARPE-19 cell line. Our findings suggest that Cx43-mediated protection of ARPE-19 cells from oxidative stress-induced death is dependent on functional Cx43 channels.
The disease-linked dominant negative human Cx43 mutant, G21R, is described elsewhere. 22 Three recombinant retroviral vectors (Cx43-GFP, Cx26-GFP, and G21R-GFP) and an empty vector were transfected into the 293 GPG retroviral packaging cell line. A replication-defective virus-containing supernatant was produced, and retroviral infection of ARPE-19 cells was performed as described. 23 In each instance, fluorescent analysis revealed that more than 90% of the cells expressed the recombinant connexins.
RNAi knockdown of Cx43 was performed as described. 24 The target sequence 5Ј-GAAGTTCAAGTACGGGATT-3Ј of Cx43 was cloned into a replication-incompetent pH1.1-QCXIH retroviral vector. The insert-containing retroviral vector was transfected into HEK293 packaging cells (BD Biosciences, Mississauga, ON, Canada) using reagent (Lipofectamine 2000; Invitrogen) to generate infectious viral particlecontaining supernatant. We used empty retroviral vector and the nonsense sequence 5Ј-AATTCTCCGAACGTGTCACGT-3Ј as the RNAi control group for our experiments. ARPE-19 cells were infected and selected in 50 g/mL hygromycin medium and were subcultured at least five times to ensure that a stable cell line was obtained. Western blot was used to confirm the downregulation of Cx43 protein before additional experiments. 
t-BOOH Treatment

Dye Transfer Assays
GJIC was assessed using the scrape loading/dye transfer assay. 25 Briefly, ARPE-19 cells were grown to 100% confluence in 60-mm dishes. After medium was removed, cells were scraped with a surgical blade, and Lucifer yellow (1 mg/mL; Molecular Probes, Eugene, OR) dissolved in PBS was added immediately. Five minutes later, the cells were washed with PBS to remove excess dye and were fixed with 3.7% formalin. A fluorescence microscope was used to view Lucifer yellowpositive cells, and dye spread was defined as the distance of Lucifer yellow-positive cells from the scrape line.
For other studies, a microinjection assay was used to assess GJIC. 22 Cells were pressure microinjected with 5% Lucifer yellow using an automated pressure microinjector (FemtoJet; Eppendorf, Westbury, NY), and the percentage of microinjected cells that transferred Lucifer yellow to neighboring cells was determined. Cells were visualized with an inverted epifluorescent microscope (DM IRE2; Leica, Wetzlar, Germany). Approximately 1 to 4 minutes after microinjection, digital images were collected with a charge-coupled device camera (Hamamatsu Photonics, Hamamatsu, Japan) using scientific imaging software (OpenLab; Improvision, Waltham, MA). The percentage of microinjected cells that exhibited dye coupling was determined as previously described.
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MTT Assay
The MTT reduction assay was used as an index of cell viability and was performed according to the manufacturer's instructions. Briefly, control and t-BOOH-treated ARPE-19 cells were incubated in serum-free medium containing 0.4 mg/mL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]. During this time, mitochondrial and cytosolic dehydrogenases of living cells reduced the yellow tetrazolium salt (MTT) to a purple formazan dye capable of spectrophotometric detection. After 2 to 2.5 hours, the MTT solution was aspirated and dimethylsulfoxide (0.3 mL/well) was added. Optical densities of the supernatant were read at 575 nm using a microplate spectrophotometer (Spectra Max 340; Molecular Devices, Sunnyvale, CA). Absorbances were normalized to the untreated control cultures, which represented 100% viability.
Immunocytochemistry
Immunofluorescent labeling and imaging was performed as previously described. 27 Briefly, cells grown on 12-mm glass coverslips were fixed with 80% methanol/20% acetone at 4°C for 15 minutes. Cells were labeled with a 1:500 dilution of a polyclonal anti-Cx43 antibody (SigmaAldrich). After several washings, cells were incubated for 1 hour with donkey anti-rabbit antibody conjugated to Texas red (Jackson ImmunoResearch Laboratories, West Grove, PA). Coverslips were rinsed with distilled water, mounted, and analyzed with a confocal microscope (LSM 510 META; Zeiss, Thornwood, NY) equipped with a 63ϫ oil (1.4 NA) objective. Fluorescent signals were imaged after excitation with 543-nm or 730-nm laser lines produced by a helium-neon or tunable multiphoton lasers (Chameleon; Coherent, Santa Clara, CA), respectively. All fluorescent signals were collected on a photomultiplier after passage through appropriate filter sets. Digital images were prepared using appropriate software (Zeiss LSM, Adobe Photoshop 7.0, or Core Draw 10).
Protein Extraction and Western Blot Analysis
Protein was isolated from confluent ARPE-19 cells growing on 10-cm dishes by washing in PBS at 4°C and then adding lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.02% N 3 Na, 100 g/mL phenylmethylsulfonyl fluoride, 1% NP-40, 50 mM NaF, 2 mM EDTA, and protease inhibitor [Roche Diagnostics, Laval, Quebec, QC, Canada]). Cell lysates were collected as previously described. 28 Reducing SDS-PAGE and Western blotting was performed as previously described. 27 The blots were labeled with anti-Cx43 antibody (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:10,000. The membranes were washed and then incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:10,000). Detection was performed using the enhanced chemiluminescence method (Pierce Biotechnology, Rockford, IL). To ensure equal protein loading, nitrocellulose membranes were stripped (REblot; Chemicon International, Temecula, CA) and reprobed with anti-GAPDH antibody at a dilution of 1:10,000 (Cedarlane Laboratories, Hornby, ON, Canada).
Statistical Analysis
All data are given as the mean Ϯ SD of at least three experiments. Where applicable, differences between two groups were compared by the unpaired Student's t-test. For multigroup comparisons, ANOVA followed by Student-Newman-Keuls test was performed. P Ͻ 0.05 was considered statistically significant.
RESULTS t-BOOH Induced ARPE-19 Cell Death
The chemical oxidant t-BOOH has rapid membrane permeability and can disrupt mitochondrial membrane potentials of treated cells. 29 In the present study, we used t-BOOH as an in vitro model of oxidative stress. Figure 1 shows that t-BOOH induced ARPE-19 cell death in a time-dependent (A) and a dose-dependent (B) manner, as assessed by the MTT assay. A 3-mM dose of t-BOOH decreased cell viability by 17% (2.5 hours), 37% (3.5 hours), and 79% (4 hours) (Fig. 1A) . A 3.5-hour incubation with t-BOOH decreased cell viability by 20% (1 mM), 37% (3 mM), and 54% (5 mM) (Fig. 1B) . To optimize our ability to examine any potentially protective effects of Cx43 and GJIC, the dose and time combination (3 mM, 3.5 hours) producing approximately 60% viability was chosen for subsequent experiments.
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Cx43-Mediated Protection of ARPE-19 Cells 801 t-BOOH Reduced Cx43 Expression and Altered Cx43 Intracellular Distribution in ARPE-19 Cells
Cx43 expression in control and oxidant-stressed cells was assessed by Western blot. Figures 2A and 2B reveal that treatment with t-BOOH for 1, 2, and 3.5 hours caused a decrease in the overall expression of Cx43 monomeric protein.
Oxidative stress was also associated with the appearance of a higher molecular weight band, suggestive of an aggregated form of Cx43 ( Fig. 2A) . Cx43 exists in varying states of phosphorylation, and Cx43 phosphorylation status can be detected by Western blot as bands separated according to degree of phosphorylation. The band P0 represents the least phosphorylated species of Cx43. Densitometric analysis revealed that the decrease in P0 species intensity preceded the decrease in total Cx43 at 1 hour (Fig. 2B) . At 3.5 hours, reductions of approximately 40% in total Cx43 and approximately 50% in the P0 species of Cx43 were observed (Fig. 2B) .
The distribution pattern of Cx43 in control and oxidant stressed cells was determined by immunocytochemistry in conjunction with confocal microscopy. In both cases, Cx43 was localized to the plasma membranes at zones of cell-cell contract (Fig. 2C) . However, perinuclear Cx43 was more qualitatively evident in t-BOOH-treated cells than in control cells. Collectively, these studies suggest that oxidative stress reduces the levels of Cx43 while partially altering the Cx43 distribution pattern.
t-BOOH Treatment Reduced GJIC in hRPE Cells
A scrape loading/dye transfer assay was used to determine whether the reduction of Cx43 protein levels resulted in reduced GJIC. Figure 3A shows that t-BOOH treatment reduced the distance of dye migration from the scrape line. This effect was time dependent (Fig. 3B) . In a separate assessment of GJIC, control and t-BOOH-treated cells were microinjected with Lucifer yellow to assess the incidence of dye transfer. In ARPE-19 cells treated with t-BOOH, only 60% (12/20) of microinjected cells transferred dye to neighboring cells, and in those cases, dye spread was restricted to first-order cells. In contrast, dye from 100% of the microinjected control cells (8/8) spread extensively to second and third cells, indicative of excellent GJIC (data not shown).
Overexpression of Cx43 and Cx26 Attenuated t-BOOH-Induced ARPE-19 Cell Death
To examine whether connexins have some effect in protecting ARPE-19 cells from oxidant-induced cell death, populations of cells were generated that overexpressed Cx43 or Cx26. As shown in Figure 4 , overexpression of Cx43 or Cx26 reduced 
Reduced Expression of Cx43 Enhanced t-BOOH-Induced hRPE Cell Death
Because the overexpression of Cx43 and Cx26 was shown to attenuate t-BOOH-induced cell death, we hypothesized that Cx43 knockdown would sensitize the cells to t-BOOH challenge. To test this hypothesis, a retroviral approach was used to knock down Cx43 by as much as 80% in ARPE-19 cells, as assessed by Western blot (Fig. 5A ) and immunofluorescent labeling (Fig. 5B) . Cells with reduced Cx43 were found to be more sensitive to t-BOOH-induced cell death, as assessed by the MTT assay (Fig. 5C ).
Reduced GJIC Enhanced t-BOOH-Induced ARPE-19 Cell Death
Cx43 overexpression and knockdown experiments have suggested a protective role for Cx43 against t-BOOH-induced cell death. To determine whether this protective role was dependent merely on Cx43 expression or whether functional gap junction channels were required, a stable ARPE-19 cell line was established that expressed the disease-linked dominant negative Cx43 mutant (G21R-GFP). Western blot analysis revealed that G21R-GFP fusion protein was expressed (Fig. 6A) . We previously showed that this mutant not only was nonfunctional but was dominant-negative to the function of coexpressed endogenous Cx43. 21 The G21R-GFP-expressing ARPE-19 cell line displayed increased susceptibility to t-BOOH-induced cell death compared with an empty vector control (Fig. 6B) . These data suggest that the reduction in GJIC induced by the expression of the Cx43 mutant increased the sensitivity of the cells to oxidative damage.
To further test the importance of functional GJIC, we blocked GJIC in oxidant-stressed ARPE-19 cells using the drug blockers 18␤-glycyrrhetinic acid (GZA) and flufenamic acid (FFA). GZA facilitates disassembly of gap junction plaques 30 and FFA blocks gap junctions as well as a wide variety of other channels. [31] [32] [33] Neither blocker is known to affect connexin expression. Both blockers reduced functional GJIC, as assessed by dye transfer assays (data not shown). GZA (0.1 mM), FFA (50 nM), or vehicle was applied to ARPE-19 cultures for 30 minutes, followed by treatment with 3 mM t-BOOH for 3.5 hours. Cell cultures treated with gap junction blockers exhibited more cell death than cultured cells treated only with vehicle ( Fig. 6C) , suggesting that functional GJIC protects against the toxic effects of oxidative stress. In the absence of t-BOOH, the gap junction inhibitors did not have an appreciable effect on cell viability when used at these concentrations and time periods.
DISCUSSION
The maintenance of retinal homeostasis by the RPE is essential for the preservation of normal vision. The RPE is a known target of injury in AMD. Although many factors likely contribute to the demise of the RPE in this condition, oxidative stress mismanagement coincident with increasing age may be of importance. 4, 5, 8 The role of oxidative stress in RPE monolayer disruption at the level of gap junctions is the focus of this report. The disease process of AMD is difficult to reproduce in vitro because damage to the RPE may be accrued over decades and the causes of RPE cell death are multifactorial. 8, 34 Other investigators have used acute challenges of the chemical oxidant t-BOOH to RPE cell lines as an approximation of the oxidative damage to the RPE occurring in AMD. 12, 13, 35 For the present study, this model was adopted to characterize the relationship(s) between oxidative stress, connexin expression, GJIC, and cell viability in an ARPE-19 human RPE cell line. 3. t-BOOH inhibited GJIC. ARPE-19 cells were grown on 60-mm culture dishes to 100% confluence before treatment with 3 mM t-BOOH for 1, 2, or 3.5 hours. Untreated and treated cells were scrape-loaded with Lucifer yellow dye (A), and dye migration from the scraped edge was measured (B). t-BOOH treatment statistically inhibited dye transfer after 2 hours (*P Ͻ 0.05; n ϭ 3) and 3.5 hours (**P Ͻ 0.01; n ϭ 3). Scale bar, 50 M.
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Given that Cx43 is the most widely expressed connexin and has been identified in RPE cells, 36 experiments with Cx43 were performed.
The results showed that a t-BOOH challenge reduced the expression of Cx43 in ARPE-19 cells. Reduction of the P0 species preceded the reduction of total Cx43, suggesting that the most highly phosphorylated species of Cx43, which are indicative of gap junction plaques, 36 were less susceptible to the effects of oxidative stress than the P0 species typically found within intracellular compartments. In addition, the oxidant-induced reduction of monomeric Cx43 was associated with the concomitant appearance of a high molecular weight species suggestive of Cx43 dimerization or aggregation. It is plausible that oxidative stress causes the P0 species of Cx43 to aggregate into nonfunctional dimers while the more highly phosphorylated forms of Cx43 are left relatively unaffected.
The increase in perinuclear Cx43 localization in oxidanttreated cells is consistent with the hypothesis that oxidative stress induces intracellular aggregation of Cx43. However, this hypothesis remains to be explored more comprehensively in a future study. Interestingly, and as may be expected, the reduction in total Cx43 correlated well with a reduction in GJIC because less Cx43 was available for the assembly of functional gap junction channels.
Initial experiments revealed reductions in Cx43 expression, GJIC, and cell viability on t-BOOH exposure. Therefore, levels of Cx43 protein or GJIC, or of both, were enhanced to determine whether the viability of oxidatively stressed cells could be improved. Overexpression of Cx43 improved ARPE-19 viability on t-BOOH exposure, suggesting a potential protective role for this connexin in the oxidant-stressed cells. The mechanisms by which Cx43 may exert its protective effect against oxidative stress fall into two broad categories. First, Cx43 subunits may assemble into functional gap junction channels permitting coordinated and regulated GJIC. Alternatively, Cx43 expression may modulate intracellular pathways through Cx43 binding proteins 37 or hemichannel formation, 38 thus operating in a GJIC-independent manner.
To further investigate the mechanism of Cx43-induced protection of ARPE-19 cells from oxidative stress, the effect of this stressor on Cx26 was also examined. Given that both Cx43 and Cx26 are active at forming channels, the results provided some support to the premise that channel formation is the key common factor rather than connexin binding proteins, which tend to be different for these connexins. To explore the idea that assembly into functional gap junctions is the feature of importance for protection against oxidative stress, experiments were performed to assess the effect of t-BOOH on cells in which Cx43-specific GJIC or total GJIC was reduced. A naturally occurring human disease-linked mutant of Cx43, G21R, was studied. It is known to exert a dominant-negative effect on coexpressed Cx43 22 and is one of more than 35 mutations associated with the rare autosomal dominant human disorder oculodentodigital dysplasia. 39 In another experiment, Cx43 expression was reduced through an RNAi approach to knock it down. 24 In both cases, the selective downregulation of GJIC by targeting Cx43 resulted in the greater susceptibility of ARPE-19 cells to oxidative damage. In a third approach, pharmacologic reagents were used to inhibit all connexinbased GJIC. Again this resulted in ARPE-19 cells becoming more susceptible to t-BOOH-induced cell death, further confirming that functional connexins protect against oxidative stress-induced injury.
Collectively, these experiments provide evidence for the importance of Cx43 channels in inhibiting oxidative damage, and they strongly argue against a mechanism involving connexin binding proteins. However, the findings do not clearly distinguish between hemichannel function and GJIC. Although dominant-negative, Cx43 knockdown, and pharmacologic agents reduce GJIC, they also affect Cx43 hemichannels. 38, 40 Future studies would require an exquisite dissection of hemichannel function from GJIC to further refine the mechanism of Cx43-induced protection to oxidative stress.
In summary, the present study provides evidence that the channel-forming properties of Cx43 mediate protection against cell death induced by acute challenges of t-BOOH in the ARPE-19 cell line of human RPE. Future studies of the maculae of Cx43 knockdown mice and assays of human retinas with and without clinical AMD may provide more insight into this potential mechanism of disease.
